Increasing evidence shows that sensory experience is not necessary for initial patterning of neural circuitry but is essential for maintenance and plasticity. We have investigated the role of visual experience in development and plasticity of inhibitory synapses in the retinocollicular pathway of an altricial rodent, the Syrian hamster. We reported previously that visual receptive field (RF) refinement in superior colliculus (SC) occurs with the same time course in long-term dark-reared (LTDR) as in normally-reared hamsters, but RFs in LTDR animals become unrefined in adulthood. Here we provide support for the hypothesis that this failure to maintain refined RFs into adulthood results from inhibitory plasticity at both pre-and postsynaptic levels. Iontophoretic application of gabazine, a GABA A receptor antagonist, or muscimol, a GABA A receptor agonist, had less of an effect on RF size and excitability of adult LTDR animals than in short-term DR animals or normal animals. Consistent with these physiological observations, the percentage of GABA-immunoreactive neurons was significantly decreased in the SC of LTDR animals compared to normal animals and to animals exposed to a normal light cycle early in development, before LTDR. Thus GABAergic inhibition in the SC of LTDR animals is reduced, weakening the inhibitory surround and contributing significantly to the visual deprivation-induced enlargement of RFs seen. Our results argue that early visually-driven activity is necessary to maintain the inhibitory circuitry intrinsic to the adult SC and to protect against the consequences of visual deprivation.
Introduction
Visual experience plays a critical role in development and plasticity of the visual system, but the way in which the brain responds to visual experience changes during different stages of life. For example, in visual cortex, chronic dark rearing delays the critical period for monocular deprivation and maintains the cortex in an apparently immature state (Blakemore et al., 1978; Mower et al., 1981 with enlarged receptive fields (Gianfranceschi et al., 2003) . Decreased intracortical inhibition is responsible at least in part for this prolonged immaturity in chronically light deprived (long-term dark-reared; LTDR) rats (Benevento et al., 1992 (Benevento et al., , 1995 and mice (Katagiri et al., 2007 ) (see Hensch, 2005 ; for review). Whether similar experiencedependent changes in inhibition might regulate development and plasticity in other structures remains unclear, especially in subcortical visual centers (Hooks & Chen, 2007) .
In the visual midbrain (superior colliculus; SC), a brain area with a relatively high number of GABAergic interneurons (Okada, 1974 (Okada, , 1992 Fosse et al., 1989; Mize, 1992) , inhibitory inputs provide surround inhibition (Albus et al., 1991; Binns & Salt, 1997) , response habituation (Binns & Salt, 1997) and stimulus size and velocity tuning . Our previous studies have shown that the visual receptive fields (RFs) of SC neurons refine normally by postnatal day (P)60 even in the absence of visual experience, but they begin to unrefine and thus enlarge by P90 if deprivation continues (Carrasco et al., 2005) . A period of 30 days of visual experience early in life is sufficient to forestall the RF enlargement in adulthood that is produced by LTDR (Carrasco & Pallas, 2006) . Our previous findings pointed out the importance of early visual experience for maintaining refined topographic maps and for protecting neuronal circuits in the SC against the detrimental effects of sensory deprivation later in life, but did not address how this protection is conferred.
Given the role of GABA in the SC, we hypothesized that reduced effectiveness of GABA in the SC of LTDR hamsters could be a mechanism by which RFs become unrefined and thus enlarged in LTDR animals. Here we tested this hypothesis using electrophysiological, pharmacological and immunohistochemical methods. Our findings suggest that SC neurons of LTDR hamsters have a weaker inhibitory surround due to both presynaptic (decline in the number of GABAergic neurons in SC) and postsynaptic (decreased effectiveness of GABA A agonists and antagonists) mechanisms. Thus depression of the intracollicular inhibitory circuitry appears to be an important contributor to the failure to maintain refined RFs in LTDR animals. These results are among the first to demonstrate that activity is necessary to keep inhibition intact and that a balance between inhibition and excitation is necessary to maintain refined receptive fields in adulthood.
Materials and methods
In total, 48 Syrian hamsters (Mesocricetus auratus) of different postnatal ages between P55 and P234 were included in this study. All procedures used on animals met or exceeded standards of humane care required by IBRO, the USDA and the National Institutes of Health, and were approved in advance by our Institutional Animal Care and Use Committee.
Experimental groups for electrophysiology procedures

Rearing conditions and experimental groups
Syrian hamsters were obtained from Charles River Laboratories (Wilmington, MA, USA) or were bred in-house. Normal hamsters were kept on a standard 14 h on, 10 h off light cycle. Dark-reared (DR) hamsters were maintained in a light-tight darkroom from before birth and exposed only to a thin beam of dim red light (Philips 25W red A-type bulb no. 814546, not visible to Syrian hamsters; Huhman & Albers, 1994) during brief daily caretaker visits. Experimental groups included in this study were: (i) normal adult animals, postnatal age P62-217, reared in the 14:10 light : dark cycle; (ii) postnatal age P55-65 short-term dark-reared (STDR) animals, reared in the dark from birth until the day of the experiment; and (iii) postnatal age P138-234 LTDR animals, also reared in the dark from birth until the day of the experiment. These age groups were chosen based on the timing of RF refinement and the loss of refinement in LTDR animals. Receptive fields are refined at P60 in normally-reared and DR animals and they lose refinement after P90 in LTDR animals (Carrasco et al., 2005) . Only one normal group was used because RF size does not change in these animals once they have reached their refined adult state.
Surgery
Animals were prepared for terminal electrophysiological recordings in the superficial layers of the right SC as described previously (Carrasco et al., 2005) . Each animal was anesthetized with urethane (0.7 g ⁄ mL; 0.3 mL ⁄ 100 g body weight in four i.p. aliquots at 20-30-min intervals), an anesthetic that has minimal effects on subcortical neurotransmission and approximately equivalent effects on different neurotransmitter systems (Maggi & Meli, 1986; Hara & Harris, 2002; Sceniak & Maciver, 2006) . The right SC was surgically exposed by bilateral aspiration of the visual cortex. Removal of cortex has no effect on SC neuron receptive field properties in hamsters, except for a loss of direction tuning (Chalupa et al., 1978 ; see also . The brain was kept covered with sterile saline solution, and the left eye was protected by a custom-designed plano contact lens during the experiment (Conforma, Norfolk, VA, USA). In most of the animals, an endotracheal tube was inserted in order to facilitate respiration. The animal was placed in a stereotaxic device and the conjunctivum of the left eye was stabilized with 6-0 silk suture to prevent movement (Pallas & Finlay, 1989) . Anesthesia level was periodically monitored throughout the experiments by checking withdrawal reflexes, and supplemental one-quarter doses of urethane were given if needed.
Visual stimulation
Visual stimuli were delivered monocularly (usually to the left eye). There is a strong contralateral dominance of visual inputs to the retinorecipient layers of the hamster SC (Tiao & Blakemore, 1976; Pallas & Finlay, 1989) . A Sergeant Pepper graphics board (Number Nine, Cambridge, MA, USA) was used in conjunction with 'stim' software (developed by K. Christian at Rockefeller University) to generate stationary and moving visual stimuli. Data were acquired using CED 1401 hardware and processed with Spike2 software (Cambridge Electronic Design, Cambridge, UK).
In order to locate visually responsive cells in the retinorecipient superficial gray layer (< 200 lm depth), penetrations were made with a multi-barreled glass electrode perpendicular to the surface of the SC. Size and location of the excitatory receptive fields were first roughly determined with a penlight and then in a more detailed fashion under computer control. A 14-inch computer display monitor was placed 40 cm in front of the hamster's eye such that the center of the neuron's excitatory receptive field coincided with the center of the monitor. The computer-generated stimuli consisted of light spots of 1°diameter moving from the top to the bottom of the monitor screen, from temporal to nasal, with an interstimulus interval of 5 s to prevent habituation. The choice of stimulus velocity used, 10°⁄ s, was guided by previous results showing that the vast majority of hamster SC neurons in the superficial gray layer prefer slowly moving spots of light (Tiao & Blakemore, 1976; Stein & Dixon, 1979; Pallas & Finlay, 1989; Razak et al., 2003) . Each stimulus trial was repeated at least four and up to 12 times.
Electrodes, recording and iontophoresis
In order to determine the contribution of inhibition through GABA A receptors in the different experimental groups, responses were quantified during control conditions, during gabazine or muscimol application, and during recovery from drug treatment. Multi-barreled micropipettes were used for the extracellular recording and iontophoretic drug application. The pipettes were broken to a final outer tip diameter of 4-10 lm (1-3 lm per barrel). The recording barrel contained a solution of 1 m NaCl. The remaining electrode barrels were filled with muscimol or gabazine (Sigma-Aldrich). The drug solutions were prepared at 10 mm for gabazine and 5 mm for muscimol (Celada et al., 1999; Waroux et al., 2005; Windels & Kiyatkin, 2006) . All drug solutions were adjusted to pH 3.7 with 0.1 m HCl and thus were positively charged. An iontophoresis device (Cygnus Technology, Inc, Delaware Water Gap, PA, USA) was used for drug administration. Negative retaining currents of 10 nA were applied to drug barrels not in use. Muscimol and gabazine were ejected using positive currents at 5 nA for 5 mm muscimol and 15-20 nA for 10 mm gabazine. In each penetration, only the first neuron encountered was isolated; this, in combination with the monitoring of electrode depth, ensured that recorded neurons were from the retinorecipient superficial gray layer.
Application of both muscimol and gabazine was maintained throughout the period when their effects were being tested. Typically this lasted 20-30 min for each drug. The changes in neuronal excitability due to maintained drug application took considerable time to reverse. It was possible, however, to obtain data concerning recovery from the effects of the drugs in most neurons. Figure 1 shows an example of recovery from each drug.
Data analysis
We carried out off-line data analysis by using the spike-sorting algorithm in Spike2 software (Cambridge Electronic Design) to isolate single units according to their waveform. We avoided the use of a constant threshold above which spikes were counted, in order to control for the possibility that background activity can vary between animals and treatments. That said, we observed little to no spontaneous firing in SC, in either normal or DR animals (cf. Fig. 1) . We determined the effect of the drugs by quantifying the change in RF Inhibitory plasticity in adult superior colliculus 59 size and the number of stimulus-evoked spikes per trial of each single unit under both control and drug application conditions. The receptive field center was obtained by determining the spatial location producing the highest number of spikes (peak response) obtained for a single stimulus within each trial. Stimulus locations generating spike numbers < 20% of the peak response were defined as no response and were considered to be outside of the RF.
Immunohistochemistry
Rearing conditions and experimental groups
Three experimental groups were used in this part of the study: (i) normal (N) hamsters that were reared in a normal light : dark cycle and examined as adults (P91-218, n = 10); (ii) LTDR hamsters that were reared in constant dark from before birth and examined as adults (P141-153, n = 5); and (iii) early light-exposed hamsters that were reared from P8 to P40 (32 days) on a normal light : dark cycle followed by constant dark rearing, then examined as adults (P107-120, n = 5). We chose these groups because LTDR causes enlargement of RFs, whereas hamsters raised on a normal light cycle until P60 or from P8 to P40 followed by LTDR are protected from deprivation-induced RF enlargement (Carrasco et al., 2005; Carrasco & Pallas, 2006) .
Tissue preparation
Animals were killed with a lethal dose of sodium pentobarbital (150 mg ⁄ kg) and were perfused through the heart with 0.1 m phosphate buffered saline (PBS) adjusted to pH 7.4 with NaOH, followed by 4% paraformaldehyde in PBS containing 0.2% of glutaraldehyde, at pH 7.4. Brains were removed and stored at 4°C in the same fixative for 48-72 h and then transferred to 30% sucrose in 0.1 m phosphate buffer for cryoprotection. Brains were sectioned frozen in the coronal plane at 50 lm for Nissl staining and at 30 lm for GABA immunohistochemistry.
Immunohistochemistry procedure
Sections were processed free-floating using the avidin-biotin method for localization of antigens with peroxidase (Vector Laboratories, Burlingame, CA, USA). They were first rinsed in 0.1 m PBS at pH 7.4 with 0.02% sodium azide (PBS ⁄ A) and then treated for 1 h in 0.34% l-lysine and 0.05% sodium periodate (NaIO 4 ) to reduce free aldehydes. Blocking of nonspecific staining was achieved by incubating the sections in 3% normal goat serum (NGS) in PBS ⁄ A for 1 h at room temperature. As in our previous GABA immunohistochemistry study (Gao et al., 1999) , we used a mouse monoclonal anti-GABA antibody developed by Szabat and colleagues (Szabat et al., 1992) that is available commercially [mouse anti-GABA, cat. no. 08693282; MP Biomedicals, Solon, OH, USA (formerly ICN Biomedicals of Costa Mesa, CA, USA)]. After determination of an optimal working dilution of 1 : 1000, tissue sections were incubated with the primary antibody diluted with PBS ⁄ A plus 3% NGS for 48 h at 4°C under constant agitation. After rinsing in PBS ⁄ A, sections were incubated in the secondary antibody solution for 2 h (biotinylated goat antimouse in PBS ⁄ A plus 3% NGS; Vector Laboratories, at a dilution of 1 : 200), washed in PBS and then incubated in avidinbiotin solution according to the manufacturer's directions (Vectastain Elite ABC kit; Vector Laboratories) for 1 h. Sodium azide was left out of the buffer after incubation in the secondary antibody. The peroxidase reaction was performed with 0.01% diaminobenzidine and 0.00004-0.0004% hydrogen peroxide and intensified by adding 1% nickel ammonium sulfate and 0.34% imidazole. Sections were mounted from saline, dehydrated, and coverslipped with Permount. A negative control without the primary antibody alone did not produce staining above background levels. Results in normal animals were similar to those obtained previously in a study of superior colliculus of cats, rats and rabbits using antibodies against the GABA synthesizing enzyme glutamic acid decarboxylase (Okada, 1992) , providing further confidence about specificity of the primary antibody.
Quantitative analysis
We utilized Neurolucida (MicroBrightField, Burlington, VT, USA) or ImageJ (developed by Wayne Rasband, NIMH) to perform quantitative analysis of the relative differences in number of immunolabeled neurons in normal vs. DR animals. Three 30-lm coronal sections per animal located at approximately 25, 50 and 75% of the rostrocaudal extent of the SC were selected for counting. A 300-lm-wide rectangular boundary was drawn in the mediolateral center of the right SC to define the area within which neurons would be counted. We counted only GABAergic neurons located in the superficial gray layer of the SC, defined according to adjacent cresylecht violetstained sections. All of the GABA-immunopositive neurons found within the defined area were counted. We obtained the total number of neurons from 50-lm cresylecht violet-stained sections by counting neurons within every fourth bin of a 25 · 25 lm grid and multiplying by four (Pallas et al., 1988; Gao et al., 1999) . As in these previous studies, cells were counted as neurons if they contained nucleoli and presented a smooth, round border. Small cells that stained darkly and were likely to be glia were not counted, nor were the elongated epithelial cells. We did not account for differences in section thickness between the tissue treated for immunohistochemistry (30 lm) and Nissl substance (50 lm) because the antibody penetrates the sections to the same incomplete extent at either thickness (see Gao et al., 1999) . To determine whether there were any differences in soma size between normal and experimental groups that might bias the counts, we measured soma diameter (average of the widest and narrowest diameters) of 100 GABAimmunoreactive (-ir) SC neurons in each experimental group and compared them using a Student's t-test.
Statistical analyses
Statistical comparisons were carried out using SigmaPlot 9.0 and SigmaStat 3.0 software (Systat Inc, San Jose, CA, USA). A probability level of £ 0.05 was considered a significant difference. Descriptive statistics are presented as mean ± SEM.
Results
We investigated the mechanism underlying the loss of refinement of RFs in the SC of LTDR hamsters by using electrophysiological and immunohistochemical methods. We used three experimental groups: (i) normal adult animals reared in a light : dark cycle; (ii) > P90 (P100-250) LTDR animals, which had enlarged RFs; and (iii) P55-65 STDR animals, which had refined RFs. We hypothesized that decreased inhibition and a weaker effect of GABA in the SC of LTDR animals contributes to the loss of RF refinement.
The effect of GABA A receptor blockade on visual responses was reduced after LTDR
In order to test the hypothesis that a reduction in inhibition underlies deprivation-induced RF enlargement, we assayed the effect of gabazine, a competitive GABA A receptor antagonist, on the responses of neurons in the SC of our different experimental groups. Previous studies suggest that GABA A receptors are selectively involved in surround inhibition of RFs in the SC (Binns & Salt, 1997) , visual cortex and retina, with little involvement of GABA B or GABA C receptors (Sato et al., 1996; Pernberg et al., 1998; Flores-Herr et al., 2001) . As expected with a GABA A R antagonist, gabazine increased the number of spikes recorded from single units in the normal group in response to visual stimulation. The mean number of spikes per visual stimulation trial in the normal adult group increased significantly, from 48.83 ± 6.18 to 112.1 ± 21.4 (n = 32, P = 0.016, T = 860.0; rank sum test) under iontophoretic application of gabazine. The ratio between the number of spikes under the influence of gabazine and the number of spikes without any drug application was 2.10 ± 0.15 for the same group of neurons (Fig. 2) . For the P55-65 STDR group, the number of spikes of single units in response to visual stimulation was significantly increased by gabazine application, from 36.1 ± 3.83 to 69.3 ± 6.51 spikes per trial (n = 30, P < 0.001, T = 656.5; rank sum test). The ratio between the number of spikes with gabazine and without was 2.27 ± 0.26 for this group, and was not significantly different from the normal group. In sharp contrast, there was no significant difference in single unit responses to visual stimulation before and after gabazine application in the > P90 LTDR group. The values obtained for that group were 30.98 ± 3.80 spikes per trial without gabazine and 40.12 ± 9.01 spikes per trial with gabazine (n = 27, P = 0.71, T = 721.0; rank sum test), for a ratio of 1.24 ± 0.10. This represents a significantly reduced effect of gabazine on visually-driven responses in the > P90 LTDR group compared to both the normal and the P55-65 STDR group (P < 0.05, H = 22.466 with two degrees of freedom, anova on ranks, post hoc Dunn's Method).
The effect of GABA A receptor blockade on RF size was reduced after LTDR In order to test the hypothesis that the increased RF size in the SC of LTDR hamsters results from a reduced influence of GABA, we examined the contribution of surround inhibition to RF size in animals with refined RFs and in animals whose RFs were enlarged as a consequence of LTDR. We found that blockade of GABA A R with gabazine application enlarged RFs of single units by 50% in normal adult animals, which is close to the magnitude of RF enlargement that we previously reported in LTDR animals (Carrasco et al., 2005) . Thus it is possible that the weakened influence of GABA could largely explain that finding. The ratio of RF size under gabazine application to that under control conditions in the normal group was 1.533 ± 0.0503 (n = 32; Fig. 3 ). In the P55-65 STDR animals whose RFs were not yet significantly different from those of normal adults, RF size increased on average by 41%, for a gabazine ⁄ no gabazine RF size ratio of 1.465 ± 0.0882 (n = 30), which was not significantly different from the normal group. The LTDR group on the other hand, whose RFs were significantly larger than those of the other two experimental groups, exhibited only a 6% average increase in RF size after gabazine treatment, which was not significantly different from the RF size obtained from the same neurons before gabazine application (P = 0.287, T = 680.5; rank sum test), with a ratio of 1.088 ± 0.0365 (n = 27). The increase in RF size under gabazine application was significantly different between the LTDR group and both the normal and P55-65 STDR groups (anova on ranks, P < 0.001, H = 30.187 with two degrees of freedom, post hoc Dunn's Method). In summary, these results show that blockade of GABA A receptors increased RF size in LTDR animals to a lesser extent than in normal or STDR animals and suggest that decreased surround inhibition is a consequence of chronic visual deprivation.
The effect of muscimol on visual responses was reduced after prolonged DR
We also tested the effect of muscimol, a GABA A receptor agonist, on visually-driven neuronal responses in the SC of the normally reared and > P90 LTDR groups, as a second assay for deprivation-induced loss of inhibition. We did not include the STDR group because there was no scientific motivation to do so given our other results. The expectation was that application of the agonist muscimol would produce opposite effects from that of the GABA A receptor antagonist gabazine. Our results with muscimol were consistent with this expectation, and thus provide further support for the hypothesis. Muscimol application resulted in decreased responses of neurons to visual stimuli in normal animals, from 14.19 ± 2.35 to 5.52 ± 1.18 spikes per trial (n = 18), which represents a 61% decrease (Fig. 4) . The ratio between the number of spikes with and without muscimol A B Fig. 3 . Gabazine enlarged RF size to a greater extent in normal or STDR animals than in LTDR animals. Data presented as (A) mean ± SEM or as (B) raw data represent the ratio between the RF size of single units under control conditions and gabazine iontophoresis. The effect of gabazine was significantly less in the LTDR group than in the other two experimental groups (P < 0.001), suggesting that LTDR reduces the contribution of GABAergic inhibition to receptive fields in SC neurons. *P £ 0.05. Fig. 4 . Muscimol decreased neuronal responses to visual stimulation to a lesser extent in the LTDR group than in the normal adult group. Data presented as (A) mean ± SEM or as (B) raw data represent the ratio of the number of spikes from single SC neurons per trial of visual stimulation with iontophoretic injection of muscimol to that without muscimol (5 mm, 5 nA). The effect of muscimol was significantly reduced in the LTDR group compared to the normal group (P = 0.013), supporting the interpretation that long-term visual deprivation reduces the number and ⁄ or effectiveness of GABA A receptors. *P £ 0.05. obtained during a visual stimulation trial was 0.4497 ± 0.0675. In the LTDR group, on the other hand, muscimol decreased neuronal responses by only 4%, from 28.52 ± 5.54 to 27.21 ± 6.02 spikes per trial (n = 16), which did not represent a significant change (rank sum test; P = 0.624, T = 277.5). The ratio between the number of spikes per trial with and without muscimol was 0.8995 ± 0.146 for this group. These data show that the effect of muscimol on neuronal responses was significantly reduced in the LTDR animals in comparison to normal animals (P = 0.011, T = 354.5; rank sum test).
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The effect of muscimol on RF size was reduced after prolonged DR
As an additional test of the hypothesis that the increase in RF size in SC of the > P90 LTDR animals was due to a loss of inhibition, we also quantified the effect of muscimol on RF size. As expected from the above results, muscimol application significantly decreased RF size in the normal group but not in the LTDR group. The amounts of reduction in RF size were 45 and 14% in the normal and LTDR groups, respectively. The ratio of the RF sizes obtained with and without muscimol was 0.555 ± 0.0533 (n = 17) for the normallyreared group and 0.8800 ± 0.0726 (n = 16) for the LTDR group (Fig. 5) . The effect of muscimol on these two groups was significantly different (P < 0.001, t = )3.656 with 32 degrees of freedom; t-test). A summary of these results plotting the actual receptive field sizes before and after drug application is shown in Fig. 6 . Taken together, the data from these acute pharmacological manipulations suggest that alterations in the number and ⁄ or effectiveness of GABA A receptors occur in the SC as a consequence of LTDR.
The proportion and density of GABA-immunopositive neurons in the SC of > P90 LTDR animals was significantly lower than that in normal animals
To determine whether DR affects intracollicular inhibition presynaptically, we quantified the number and density of GABA-ir neurons in the SC of normal adult (P91-218) and LTDR (P141-153) hamsters using an antibody to GABA visualized with a biotinylated secondary antibody in an avidin-biotin reaction (see Materials and Methods). The superficial layers of the SC in LTDR hamsters have a significantly A B Fig. 5 . Muscimol decreased single unit RF size to a lesser extent in the LTDR group than in the normal adult group. Data presented as (A) mean ± SEM or as (B) raw data represent the ratio of the RF size from single units after iontophoretic injection of muscimol to that without muscimol (5 mm, 5 nA). The effect of muscimol was significantly reduced in the DR group compared to the normal group (P = 0.003), in agreement with the interpretation that longterm visual deprivation decreases the contribution of GABAergic inhibition to receptive fields in SC neurons. *P £ 0.05. Fig. 6 . Summary of iontophoretic data showing the effect of (A) gabazine and (B) muscimol on RF size of each experimental group. *P < 0.05. (A) Striped bars represent RF size when gabazine is applied. A significant increase in the RF size occurred for the normal and P60 but not for the > P90 experimental groups when gabazine was applied (adult normal, P = <0.001, T = 703.5, rank sum test; P60 DR, P = <0.001, T = 600.5, rank sum test; > P90 DR, P = 0.287, T = 680.5, rank sum test). (B) Cross-hatched bars represent RF size when muscimol is applied. RF size values significantly decreased when muscimol was applied in the normal and P60 but not in the > P90 experimental groups (adult normal, P = <0.001, t = 5.811 with 34 degrees of freedom, t-test; > P90 DR, P = 0.133, t = 1.546 with 30 degrees of freedom, t-test).
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lower density of GABA-ir neurons than in normal hamsters, by > 50% (Figs 7 and 8 ; normal, 2113 ± 301 neurons per mm 2 ; LTDR, 904 ± 130 neurons per mm 2 ; mean ± SEM, P = 0.006, t = 3.680 with 8 degrees of freedom; t-test). In addition, the proportion of GABA-ir neurons compared to total neurons was reduced in the LTDR group compared to that in normal hamsters ( Fig. 9 ; P = 0.003, t = 4.128 with 8 degrees of freedom; t-test). GABA-ir neurons comprised 10% of total neurons in normal animals but only 4% in LTDR animals. To control for the alternative hypothesis that the reduction in the proportion and density of GABA-ir neurons in LTDR animals was a result of an overall decrease in neuronal density or number, or a smaller soma size in that group, we also quantified those parameters. We found that visual deprivation did not affect the neuronal density in the superficial layers of the SC (normal, 20 066 ± 524 total neurons per mm 2 ; LTDR, 20 380 ± 898 total neurons per mm 2 ; P = 0.771, t = )0.301with 8 degrees of freedom, t-test). The size of GABA-ir neuronal somata was also not significantly different between the two groups (normal, 6.041 ± 0.11 lm average diameter, n = 100; LTDR, 5.846 ± 0.093 lm average diameter, n = 100; P = 0.201, t = 1.28 with 198 degrees of freedom; t-test) and, furthermore, the total number of SC neurons from three sections per animal at comparable rostral-caudal levels was not significantly different between the two experimental groups (normal adult, 742 ± 27.6 neurons; > P90 LTDR, 680 ± 30.3 neurons, P = 0.145, t = 1.500 with 28 degrees of freedom; t-test, n = 5 animals per experimental group). Taken together, these results support Nissl GABA Fig. 7 . Immunohistochemical staining using an antibody to GABA was reduced in the SC of > P90 DR animals compared to normal animals. Shown are examples of neighboring sections with cresylecht violet staining and GABA immunoreactivity from the SC of normal adults and > P90 DR animals. Scale bar, 100 lm. Fig. 8 . The density of GABA-ir neurons was significantly lower in the SC of > P90 DR animals than in normal animals. The bars represent the density of GABA-ir neurons from animals dark-reared from birth (LTDR) or reared on a normal light cycle for 32 days before dark rearing (early light followed by LTDR) and are normalized to the mean of the normally reared group stained and analyzed in parallel. The normal bar represents the normal group run in parallel with the LTDR group. Only the LTDR group was significantly different than controls (normal, 2113 ± 301; DR, 904.7 ± 130; P = 0.006). Thus there is a presynaptic loss of inhibitory influence under LTDR that is not seen in normally reared animals or in animals that experienced a normal light cycle before dark rearing. *P £ 0.05. the hypothesis that LTDR produces an increase in RF size in the SC largely as a consequence of a reduction in intrinsic collicular inhibition.
Early light exposure prevented the loss of GABA immunoreactive neurons seen in the SC of LTDR animals
To test the hypothesis that the protection conferred by early light exposure against deprivation-induced RF enlargement reported previously (Carrasco & Pallas, 2006 ) is associated with maintenance of GABA in the superficial layers of the SC, we quantified the proportion and density of GABA-ir neurons in normal animals and animals reared on a normal light cycle from P8 to P40, followed by LTDR. The density of GABA-ir neurons in the superficial layers of the SC in this group of animals was not significantly different from that in normal hamsters ( Fig. 7 ; normal, 1190 ± 103 neurons per mm 2 ; 32 days light before LTDR, 1241 ± 39; P = 0.654, t-test). The proportion of GABA-ir neurons was also not significantly different between groups ( Fig. 8 ; P = 0.353). We measured soma size and density to control for the alternative hypothesis that changes in neuronal density or soma size contributed to our results. There was no significant difference in neuronal density (normal, 16 506 total neurons per mm 2 ; early light before LTDR, 15 733 total neurons per mm 2 ; P = 0.421, rank sum) or soma size (normal, 5.478 lm average soma size, n = 106; 32 days early light exposure before LTDR, 5.810 lm average soma size, n = 108; P = 0.906, rank sum) between groups. These results support the hypothesis that visually-driven activity during development protects the SC from the consequences of visual deprivation by maintaining normal levels of inhibition.
Discussion
We investigated mechanisms underlying deprivation-induced plasticity in the SC of LTDR animals (Carrasco et al., 2005; Carrasco & Pallas, 2006) . In particular, we tested whether a reduction in inhibition can explain all or part of the DR-induced RF enlargement. We examined the strength of the intracollicular GABAergic circuitry by using both electrophysiological and immunohistochemical methods.
Because the amount of RF enlargement seen under GABA blockade in normal SC neurons is roughly equivalent to the increase in RF size in the LTDR neurons, it is possible that the RF enlargement seen after LTDR could result entirely from the loss of surround inhibition. We report that the effects of activating or blocking GABA A receptors in the SC are reduced after chronic visual deprivation and that LTDR animals have a lower proportion of GABA-ir neurons than do normally reared animals and animals with early exposure to light before chronic visual deprivation. These results provide evidence that early visual experience is necessary in a proactive fashion to maintain neuronal properties in adulthood through a mechanism that involves preservation of inhibition.
Contribution of GABAergic inhibition to receptive field properties
The SC has one of the highest concentrations of GABAergic neurons in the brain (Mize, 1992) . Intracollicular inhibition plays an important role in some receptive field properties of neurons in the SC, including stimulus velocity and size tuning , surround inhibition, and habituation (Binns & Salt, 1997) . Backward inhibitory masking from the receptive field surround produces lowvelocity tuning whereas forward masking results in selectivity for high-velocity stimuli . Size tuning results from inhibition that arises from within the receptive field (Razak & Pallas, 2006) . Of importance to this study, the strength of inhibitory inputs in relation to excitatory inputs determines the size of the receptive field. Thus it seemed likely that inhibitory plasticity might be responsible for the deprivation-induced RF changes seen in our previous studies. In this study, we tested the strength of surround inhibition within the SC itself by local application of the GABA antagonist gabazine and the GABA agonist muscimol. We demonstrate that surround inhibition in the SC is weaker in LTDR animals. This effect was not seen in STDR animals that still had refined RFs. These results strongly suggest that loss of RF refinement after visual deprivation results from a loss of surround inhibition.
Locus of inhibitory plasticity
The loss of inhibition in LTDR animals could occur through multiple mechanisms and could manifest itself at the presynaptic level, the postsynaptic level, or both. Whether the regulation of synaptic strength by neuronal activity generally occurs presynaptically or postsynaptically has been under debate for some time. In this study, we demonstrated that GABAergic inputs are weaker in LTDR hamsters at both pre-and postsynaptic levels. At the presynaptic level the proportion of GABA-ir neurons is reduced. Although immunohistochemistry does not provide quantitative data such as the actual number of GABA neurons or in the amount of GABA present in the neurons, qualitative comparisons suggest that both are reduced. At the postsynaptic level the effects of the GABA antagonist and agonist are decreased. The weak effect of gabazine and muscimol on neurons in the SC of LTDR hamsters could be due to a number of different factors, such as a reduction in the number of GABA A receptors or their subunit composition. It has been shown that age and visual experience alter GABA A receptor composition in the SC and visual cortex (Chen et al., 2001; Clark et al., 2001) . More than twenty different subunits can contribute to the pentameric GABA A receptor, in addition to the obligatory one, c 2 (Sieghart, 1995) . Certain changes in receptor composition affect the receptor affinity for gabazine and muscimol (see Hevers & Luddens, 1998 for review; Stell & Mody, 2002) . Plasticity resulting from changes in the strength of the Fig. 9 . Adult LTDR animals had a significantly lower proportion of GABA-ir neurons in the SC than did normal adults (normal, 0.104 ± 0.013; DR, 0.0443 ± 0.0047, mean ± SEM; P = 0.003), suggesting that a reduction in the number of GABA-containing neurons is also partially responsible for the RF enlargement seen in that group (see Materials and Methods). There was no difference between normal animals and animals reared on a normal light cycle for 32 days before dark rearing. All groups are normalized to the mean of the normal group stained and analyzed in parallel. *P £ 0.05. inhibitory circuitry has been reported in visual cortex (Fagiolini & Hensch, 2000; Fagiolini et al., 2004) . GABA A receptors containing a 1 are necessary for the expression of ocular dominance plasticity (Fagiolini et al., 2004) and, furthermore, the level of GABA A receptor-mediated inhibition is thought to control the critical period for ocular dominance plasticity in visual cortex (Fagiolini & Hensch, 2000) . Our results suggest a similar kind of plasticity involving GABA A receptors that accounts at least in part for the plasticity observed. Examination of possible experience-dependent changes in GABA receptor composition in the SC of DR hamsters might provide more detailed information regarding the role of inhibition in plasticity.
Results from a recent study raise the possibility that changes at the retinal level are also involved in the loss of RF refinement with chronic visual deprivation (Lee et al., 2006) . That study reported that GABA immunoreactivity is decreased in the retina of P30 DR mice, raising the possibility that decreased lateral inhibition in the retina could also contribute to the RF enlargement in the SC. Decreased inhibition in the retina could increase RF size of retinal ganglion cells, which would in turn increase RF size of SC neurons. Although these results are interesting, loss of retinal inhibition at P30 cannot explain the RF expansion that we see after P60. We found that gabazine and muscimol applied directly in SC change the RF size of SC neurons by 50% up or down, respectively, in normally reared animals. In contrast, gabazine and muscimol only changed RF size by +6 and )14%, respectively, in LTDR animals. Interestingly, the average increase in RF size that we observed in the SC of LTDR animals represents an 40% expansion beyond normal (Carrasco et al., 2005) . We consider it unlikely that inputs from the visual cortex into the SC contribute to the loss of inhibition we observed because we acutely removed the visual cortex before recording. Our results thus suggest that a large part of the RF enlargement in LTDR animals may be explained by the changes in the GABAergic SC circuitry that we have reported in this study.
Visual deprivation and changes in excitatory-inhibitory balance
Several previous studies have shown that neuronal networks are capable of compensating for alterations in their own activity (see Turrigiano, 1999 Turrigiano, , 2007 . In the visual system, visual deprivation causes an increase in the effectiveness of glutamatergic synapses in visual cortex through a decrease in NR2A subunit expression (Quinlan et al., 1999; Tongiorgi et al., 2003) . Binding of flunitrazepam, a GABA A receptor agonist, is decreased in the SC and LGN of rats reared in the dark until P25 (Schliebs et al., 1986) . The effect of DR on GABA A receptors observed by Schliebs et al. (1986) occurred at a much earlier age than in our study; it is thus possible that alterations in GABA A receptor composition occur earlier than P90 but have no effect on RF size and were not detected by the iontophoretic administration of gabazine in our study. Nevertheless, our results are in concordance with the conceptual framework of homeostatic plasticity and suggest that a lack of impulse activity resulting from visual deprivation triggers changes in inhibition that preserve the inhibitory-excitatory balance in the visual system. The reduction in GABA immunostaining that we found in the SC of LTDR hamsters is consistent with this interpretation. Thus, in addition to the role of excitatory inputs, active maintenance of inhibition is also necessary for maintaining refined RFs in adults. In the SC, early visual experience has the effect of consolidating the system such that it is protected against future insults (Carrasco & Pallas, 2006) .
Mechanisms underlying adult plasticity may differ from those operating in younger animals
Our data, along with other recent findings (Sale et al., 2007; Benali et al., 2008; Caspary et al., 2008) , suggest that plasticity of inhibition is particularly important for modifications of neural circuitry in adulthood, whereas in younger animals that exhibit a lower threshold for long-term potentiation and depression, NMDA receptors may be a more important contributor to plasticity. Inhibitory plasticity that allows a change in the balance of inhibition and excitation may provide a mechanism for changing adult circuits in which glutamatergic synapses have been consolidated. Diminished inhibition may cause the activation of activity-dependent processes related to plasticity, as has been shown in visual cortex (Sale et al., 2007 ).
Role of visual cortex in SC plasticity
This study utilized a preparation in which visual cortex was removed prior to in vivo electrophysiological recordings, so the response properties reported here were not influenced by cortical inputs during the recordings. Visual cortical efferents are known to contribute to direction tuning in hamster SC, but cortical removal does not affect receptive field size (Rhoades & Chalupa, 1976 , 1978a . Whether the cortical inputs might play a role in guiding receptive field enlargement in SC of LTDR animals is an interesting question that we cannot currently answer. Activity in visual cortex is known to influence visual plasticity even from a young age (Smith & Trachtenberg, 2007; Prusky et al., 2008) . In visual cortex, DR is thought to prevent maturation of neurons in visual cortex (Mower et al., 1981; Fagiolini et al., 1994; Chen et al., 2000) , in part due to maintaining NMDA receptors in their immature state (Carmignoto & Vicini, 1992; Quinlan et al., 1999; Philpot et al., 2001) and to a failure of maturation of inhibition (see Hensch, 2005 , for review). In contrast, in SC the RFs refine normally in the dark, then degrade after P60. Thus in P60 DR hamsters the RFs in SC would be normally sized and the RFs of the cortical inputs would be enlarged, possibly causing a perceptual conflict. This situation would be resolved if DR is prolonged beyond P60 because the RFs in SC then enlarge.
Inhibition and critical periods
The evidence that the development of inhibitory circuitry can open and close critical periods (Hensch, 2004 (Hensch, , 2005 Spolidoro et al., 2009) refers to juveniles. Here we see that changes in inhibition resulting from early sensory deprivation allow plasticity in adulthood. This raises the possibility that intentionally manipulating inhibitory input after the critical period has closed could provide a means to reopen it. Indeed, this has been shown in visual cortex in the context of ocular dominance plasticity (Iwai et al., 2003; see Spolidoro et al., 2009 for review), and our results from visual midbrain suggest that this may be a generally applicable approach. It is important to keep in mind the potential costs of plasticity, however. Loss of visual drive leads to inhibitory plasticity that is useful in that it increases sensitivity to stimulation but detrimental in that it results in a failure to maintain acuity.
In summary, our results show the necessity for early visual activity to keep inhibition intact and argue that a balance between inhibition and excitation is necessary to maintain refined receptive fields and thus visual acuity in adulthood. They emphasize the importance of inhibition for development and maintenance of neuronal properties and, furthermore, the significance of inhibitory plasticity as a means to change neuronal properties, for example during development and aging. They point to the importance of intrinsic collicular circuitry for construction and maintenance of neuronal response properties. These data regarding plasticity of a subcortical visual system may be relevant to other sensory systems as well. Moreover, they contribute to knowledge about how adult plasticity can occur through experiencedependent modulation of network inhibition.
